A two-year monitoring program of microbiological and physical-chemical parameters at 2 waste water treatment plants (WWTPs) in Mallorca (Spain) was performed in order to (1) evaluate the efficiency of lagooning and UV radiation as tertiary treatment processes; (2) determine the characteristics of wastewater effluent for its potential agricultural reuse; and (3) establish correlations between bacteriological and virological parameters. The presence of currently established bacterial indicators (total coliforms, faecal coliforms, Escherichia coli, enterococci, and spores of sulphite-reducing clostridia), virological (enteroviruses, somatic coliphages, F-specific coliphages, and phages infecting Bacteroides fragilis and Bacteroides thetaiotaomicron), and helminth eggs were tested during this study. Bacterial and viral indicators were removed at least with one log reduction in the lagooning system, and to a lesser extent with UV-radiation treatment.
INTRODUCTION
Tertiary treatments are needed before regenerated water is used in irrigation or prior to the environmental disposal of wastewater if pathogen dispersal is to be prevented.
Inadequately treated wastewater is the main source of pathogens in both surface and subsurface waters. The growing demand for water, especially in areas facing shortages, means that more and more reclaimed water is being used for irrigation and subsurface water regeneration.
The use of regenerated waters requires the establishment of rules and a strict legislation to guarantee the health protection and to decrease the health risk to an acceptable level. In this sense there are two reference rules: the guidelines of the World Health Organization (WHO 2006) than the other one. In Spain, the standing rule was published on the 7 th of December 2007 (Real Decreto RD1620/2007 . Although regulations determine the acceptable pathogen levels for these purposes, correlations between the different types of indicators or waterborne pathogens often prove quite low. In addition, standards may vary from one geographical region or regulatory agency to the next.
In order to minimize the public health risks associated with exposure to reclaimed water, the main aim of reclamation water treatments is to reduce the pathogen load. To do that, several disinfection processes can be applied; e.g. disinfection agents, as chlorination or peracetic acid, UV light, or lagooning. In the last years some studies try to establish which disinfection processes or combinations of them provide better quality reclaimed water Alonso et al. 2005; Hijnen et al. 2006; Zanetti et al. 2007; Montemayor et al. 2008) .
The effectiveness of pathogen removal in wastewater treatments is assessed by routinely monitoring the final effluent for standard bacterial indicators. For decades, the faecal coliform group of bacteria has been used as an indicator of water quality, detecting the presence of pathogens harmful to humans. However, the resistance of various pathogenic microorganisms depends on many factors, including water treatment. Viruses, as well as some parasites are now known to be more resistant to water treatment than are the bacterial indicators currently used to determine water quality (Payment et al. 1985 , Payment 1991 , Payment & Franco 1993 . Therefore more effective indicators are needed for the assessment of water treatment processes. Potentially better new indicators include somatic coliphages, F-specific bacteriophages, and phages infecting Bacteroides fragilis and Bacteroides thetaiotaomicron (Hilton & Stotzky 1973; Wentsel et al. 1982; Havelaar & Hogeboom 1984; IAWPRC 1991; Jofre et al. 1995; Lasobras et al. 1999; Grabow 2001) .
The aims of the present study were to investigate variations in the occurrence and elimination of various bacterial indicators, bacteriophages of enteric bacteria, enteroviruses, and helminth eggs in two different wastewater treatment plants (WWTPs) involving two different tertiary systems, namely lagooning (B) and ultraviolet light radiation (S). In parallel, basic physical and chemical parameters were monitored. Secondary and tertiary effluents were evaluated during different seasons (autumn, spring, summer, and winter) over a two-year period. The efficiency of removal treatments and correlations between parameters were also determined during this period. We attempt to establish which disinfection processes (UV light and lagooning) provides better quality reclaimed water.
METHODS

Wastewater treatment plants studied
While the two WWTPs studied process both domestic and industrial wastewater, the latter constitutes only a fraction of their load-bearing capacity. The S plant is designed for a population equivalent of 16,000 inhabitants, the B plant for 5,000. The capacity of daily treated water is 6,250 m 3 and 1,000 m 3 , respectively. In both plants an aerobic digest and activated sludge treatment are utilized in the secondary treatment. The removal of pathogens found in the effluent of secondary treatment is accomplished via ultraviolet radiation (Trojan UV3000B, 4 banks of 8 lamps of 87.5W each) at the S plant (flowing in a laminar way) and through an aerobic lagooning system at B plant. Lagoons are less than 2 meters in depth and the residence time in the lagoons is estimated to be approximately 60 days. In both cases, part of the plant effluent is reclaimed for crop and fruit tree irrigation, and some is discharged to the sea through a marine emissary (S plant) or filtered in a torrent (B plant).
Sampling programme
12 litres of water for each sample were collected from the effluent points of secondary and tertiary treatments, from April 2003 until February 2005. Eight sampling programmes were carried out over five successive days during each season (April, July, September, and November 2003; March, August, and November 2004; and February 2005) .
Samples were labelled B (lagooning) or S (UV system), and numbers 2 and 3 indicated secondary or tertiary treatments, respectively. Eighty wastewater samples from each plant were collected in sterile containers, transported to the laboratory within 2 h of collection, and processed immediately.
All bacterial indicators were determined from serial dilutions, as were somatic and F-specific phages. Bacteroides phages were determined from serial dilutions in concentrates of 50 to 500 mL, depending on the sample load.
Enteroviruses were determined in a concentrate of 500 mL for secondary treatment effluents and 1 L for tertiary treatment effluents. The presence or absence of helminth eggs was detected in a 1 L sample of secondary treatment effluent and from a 10 L sample of the tertiary treatment effluent. 500 mL samples were used to determine physical and chemical parameters.
Bacteriological analysis
Bacteria were counted using the membrane filter method 1998) . Plates were incubated at 378C in all cases, except for the FC and FE that were incubated at 448C. Escherichia coli counts were determined by membrane filtration followed by incubation on Chromocult agar (Merck, Darmstadt, Germany) at 378C. Spores of sulphite-reducing clostridia (SRC) were counted in serial dilutions, depending on the sample, on SPS agar at 428C as described by Bufton (Bufton 1959) .
Bacteriophage analysis
Bacteriophages were counted via the double-agar-layer technique by using the ISO 10705-2 standard for enumer- To assess the quality of our analysis, reference bacteriophages were used as an internal control. Bacteriophage If needed, bacteriophages were concentrated by the method described in Mé ndez et al. (2004), which is a modification of a previously described membrane filtration -elution method for phage concentrations (Sobsey et al. 1990; Sinton et al. 1996) . Briefly, this process was carried out as follows: MgCl 2 was added to the water sample to a final concentration 0.05 M. The sample was then filtered through a negatively charged cellulose ester membrane with a 0.22 mm pore size and 47 mm diameter (Millex w -GS; Millipore Corp., Bedford, MA, USA). The membrane filter was cut into eight fragments and placed in a glass flask containing 5 mL of eluting solution (1% beef extract, 0.5 M NaCl, and 3% Tween 80). The flask was then placed in an ultrasound cleaning bath for 3 min. The eluted bacteriophages were titrated via the double-layer agar method.
Enterovirus analysis and helminth egg detection
We attempted to detect enteroviruses and helminth eggs on two days in each weekly sampling programme, generally on Mondays and Fridays. Thirteen samples were tested for each point (S2, S3, B2 and B3). Eagle's minimum essential medium (MEM) containing gentamicin, 50 mg/mL, nystatin, 50 mg/mL, and ceftazidime, 20 mg/mL was then added to each tube. Finally, 2 mL of 2% molten agar and kept at 558C was added. After mixing, the cell growth medium was discarded and the tube content was immediately poured onto a prepared confluent monolayer in a 90-mm diameter Petri dish. The plates were then incubated right side up at 378C in the presence of 5% CO 2 at a relative humidity of more than 80% for 96 h. The agar was subsequently removed, and the monolayer was stained with 0.1% crystal violet as was done in the monolayer assay.
Helminth eggs were detected using the procedures described by the World Health Organization (Ayres & Mara 1996) . The wastewater sample was allowed to settle for one or two hours, and 90% of the supernatant was removed with a suction pump. The sediment was then carefully transferred to centrifuge tubes and spun 
Data processing and statistical analysis
To conduct statistical analysis, the physical and chemical parameters and the following variables were converted using the log 10 (N þ 1) function: total and faecal coliforms, E. coli, enterococci, somatic coliphages, F-specific phages, and bacteriophages infecting B. fragilis RYC and B. thetaiotaomicron GA17. Values that fell below the detection level of the method were not considered significant. All statistical tests were carried out using the statistical package for social science (SPSS version 14.0). Log10-transformed values were used for all computations and tests and data were plotted as boxes and whiskers. This plot provided summary statistics for five values: the minimum, the maximum, the median, the 25th percentile, and the 75th percentile. Pearson's correlations were determined and differences were considered significant at P , 0.05. Log 10 reduction values were calculated as follows: log 10 N tlog 10 N 0 , where Nt is the value for the effluent from the tertiary treatment and N 0 is the value of the effluent from the secondary treatment.
RESULTS AND DISCUSSION
Physical -chemical parameters Table 1 summarizes the mean, minimum and maximum values, as well as the dispersion of these values, for the physical and chemical parameters determined during the course of our two-year study. The effluent parameters for both secondary treatments (B2 and S2) were of the same order of magnitude. However, differences were detected in the effluents from the tertiary treatments. In the lagooning system (B3), the chemical parameters were lower than in the UV-treatment (S3): Cl 2 16%, NO 2 2 75%, NO 2 3 62% and PO 23 4 11%. In the S plant, the values of certain physical parameters such as turbidity (18 of 33), transmittance at 256 nm (13 of 33), and suspended solids (19 of 33) were higher in the tertiary than in the secondary effluents. Conductivity, temperature, and phosphates were the only parameters with no outliers in the statistical analysis. The other parameters showed 1 to 5 outliers from the samples analyzed (data not shown). Failed values were attributed to anomalies in the treatment process (discharges from an alternative sedimentation tank, or to unusual incidence of rain).
Microbiological parameters
As shown in Table 2 , secondary effluents follow the same pattern as was observed in the physical -chemical parameters; values for secondary effluents in both WWTPs were of the same order of magnitude, except for F-specific phages and those infecting B. fragilis RYC2056. However, values were lower in the WWTP B than in the S. Differences were detected in the effluents from the tertiary treatment; values were at least one order of magnitude lower in plant B. In some cases, values for Escherichia coli were higher than those for faecal coliforms, reflecting the different methodologies used to measure these two parameters; i.e., more sensitive for Escherichia coli determinations. As in the physical -chemical parameters there are high oscillations between minimal and maximal values for all parameters, due some values (less than 10%) are out of normal range.
These are more frequent in the WWTP S. In some samples, values for enteric viruses, as well as for B. fragilis, B.
thetaiotaomicron and F-specific phages, were below the detection limit of the method. Somatic coliphages were detected at higher levels than the other phage groups tested, while the numbers of phages infecting the two strains of Bacteroides proved similar in both WWTPs.
Helminth eggs were not found in any sample. A survey of their presence in the influents and effluents of secondary treatments from Mallorca's 20 WWTPs was conducted simultaneously with the present study. In no sample were eggs containing pathogens harmful to humans detected (data not shown). Table 3 shows the mean values of log 10 reductions for bacterial indicators, bacteriophages, and enteric viruses from the tertiary treatments at both WWTPs. In the lagooning system, bacterial and viral indicators were eliminated by at least one order of magnitude, and to a lesser extent (between 30 and 60% mean removal) with UVradiation. Acceptable removals in the UV-treatment were only achieved in six samples distributed over the two-year period. Log reductions were recalculated considering only those values in which faecal coliform reductions were higher than 1 log unit as an indication of the well treatment (indicated in parenthesis in Table 3 ). In these cases, all reductions were higher, excepting somatic coliphages.
Removal of indicators
Physical and chemical values were recalculated for the same samples, supporting our contention that the depuration process was efficient in those samplings (values in brackets in Table 1 ). In the lagooning system, phages and viruses were generally more resistant to the treatment process than were bacterial indicators, with the exception of F-specific phages. Phages of Bacteroides and enteric viruses were more resistant than all of the other microbiological parameters. With UV-radiation treatment, however, the faecal coliforms were the most sensitive while clostridial spores, somatic coliphages, and viruses proved the more resistant. In both WWTPs, the presence of F-specific phages was slightly more reduced than were other viruses, with similar elimination values as with bacteria. This might be attributable to the temperature of the water, which was higher than 178C in 85% of the samples. Previous studies have reported that warm temperatures increase the inactivation of F-specific bacteriophages (Durá n et al. 2002) .
None of the studied parameters followed a clear seasonal pattern, probably due to the warm climate prevalent throughout the year.
Lagooning was more effective in reducing the number of bacteria and phages than was UV-radiation, which requires strict maintenance protocols; in contrast, lagoons are self-maintaining. In addition, effective UV processes depend greatly upon the system design, the time of water exposure, the UV dose, the wavelength intensity, and other important wastewater parameters as total suspended solids and chemical oxygen demand (Alonso et al. 2005) . Jacangelo et al. (2003) showed that the elimination and inactivation of microbial indicators or pathogens changes depending on the dose of UV-radiation applied. For example, three-fold higher UV doses were needed to reduce Clostridium perfringens spores vs. F-specific bacteriophage.
In a recent study, Hijnen et al. (2006) demonstrated that in processes with UV disinfection the bacteriophages inactivation indexes are at the same level than the indexes for enteric viruses suggesting that they could be a useful model microorganism for the inactivation of them. Phages eliminations of 90 -99% have been described in lagooning systems and wetlands (Omura et al. 1985; Gersberg et al. 1987 ). Payan (2006) described reductions around 1.2 logarithmic units. Same levels of reduction were found in the present study.
Possible correlations between microbiological parameters were estimated for the four sampling points, and are shown in Table 4 . While all parameters correlated well 
CONCLUSIONS
Wastewater treatments permit the use of regenerated water for non-potable applications such as irrigation. A major goal of wastewater reclamation facilities is to reduce pathogen loads and thereby minimize the public health risks associated with exposure. Reductions in bacterial indicators, bacteriophages or enteroviruses improve when a tertiary process (e.g., chemical, physical or biological) is applied Harwood et al. 2005) . In both treatments studied, UV-radiation and lagooning, the reduction of bacterial indicators (total and faecal coliforms, E. coli or enterococci) proved higher than in phages and viruses. Regarding the comparative removal of current bacterial indicators and bacteriophages, our data show that total and faecal coliforms, as well as enterococci, were removed more efficiently than the phages, as has already been previously described in the case of coliphages (Lasobras et al. 1997; Durá n et al. 2002; Jofre 2002) . In contrast, clostridia were more resistant to both treatments than were bacterial indicators and F-specific coliphages; nonetheless, they were removed more efficiently than were the other viruses.
It is generally accepted that an effective microorganism indicator should be present at the same time as its target pathogen. Moreover, it should be both quantitatively abundant and at least as resistant to any treatment processes. Finally, its survival rate should be slightly higher, and it should be easy to enumerate via sensitive and specific methods (Payment & Franco 1993) . A major goal of this study was to examine monitoring strategies and to determine whether any predictive relationship exists between conventional and alternative indicator organisms and pathogens. For accuracy and simplicity in the analysis we can conclude that: (1) Bacterial indicators are best evaluated in the wastewater examined in this study by E. coli enumerations, and coliphages analysis are recommended as viral indicator, because this method is sensitive, rapid and economically viable.
(2) The evaluation of the water quality of the effluents might be completed by the quantification of spores of SRC, due to their long survival in the environment, as a more restrictive criterion.
(3) The incidence of helminth eggs in the wastewater of this geographical region is very low. In fact, they are absent from effluents of secondary treatments, and are not a necessary marker for evaluating the quality of treated wastewater. (4) Our results clearly demonstrate the need to analyze a combination of bacteriological and virological parameters when monitoring WWTPs. Simply measuring a single parameter is insufficient for properly determining the quality of treated water for further reuse.
